Introduction
The past decade has witnessed an explosion in the research output on thiolate-, 1 and alkynyl-protected 2 gold nanoclusters. The earliest work on what is now generally referred to as Au nanoclusters can, however, be traced back to the pioneering work of Malatesta on phosphine-protected species.
3 A large number of these, with a variety of metal core congurations, have already been structurally characterized. They include some cationic 4 and neutral species 5 with 8-39 gold atoms, as well as some even larger ones for which their sizes have only been estimated, such as, [Au 55 (PPh 3 ) 12 Cl 6 ], 6 and [Au 101 (PPh 3 ) 21 (Cl) 5 ].
Although the Au 13 cluster core is expected to be thermodynamically stable due to its closed-shell geometry, 10 the synthesis of monodispersed Au 13 clusters remains a challenge. Most of the studies have been on those protected by diphosphines as they exhibit higher thermodynamic stability arising from the chelating effect of the diphosphine.
4d The rst diphosphineprotected cluster, with the probable formulation [Au 13 -(dppm) 6 5 , which contain open icosahedral metal cores, have also been reported recently; the former was obtained from a dppmprotected Au 18 cluster by thiol-induced size focusing, while the latter resulted from the direct reduction of [Au 2 (dppm)(Cl) 2 ] with NaBH 4 in a solution of methanol and dichloromethane (DCM). 12, 13 Interestingly, these three cationic Au 13 clusters have the same composition but carry different charges. A facile twostep approach to diphosphine-protected Au 13 clusters has also been reported; the addition of aqueous HCl to a polydispersed mixture of Au n clusters (n ¼ 9-15), obtained from reduction of the corresponding diphosphine-Au(I) complex, was found to induce nuclearity convergence to Au 13 clusters. This method yielded the diphosphine-protected Au 13 14b Of these three examples, only the rst (with a P : Cl ratio of 10 : 2) has been fully characterized, while the other two (with P : Cl ratios of 8 : 4) have only been characterized spectroscopically and the exact ligand arrangements have not been unambiguously determined.
In comparison, no stibine-protected Au nanoclusters are known. We present here the rst study on monostibineprotected Au 13 3 , 1b) could be prepared by the slow addition of an equimolar amount of the stibine into a DCM solution of Me 2 SAuCl at room temperature (ca. 21 C) and in the dark. The products were obtained as white solids aer removal of the solvent but quickly decomposed on exposure to light, and especially in solution. Crystallographic analyses show that while 1a is a monomer, the p-tolyl analogue 1b is a dimer with a strong Au.Au interaction (Fig. S1 -S3 †). This difference in structure is probably the result of polymorphism, as both stacking modes have been observed previously in the phosphine analogue [(ptolyl) 3 PAuCl]. 17 An ORTEP plot depicting one of the two crystallographically distinct dimeric units observed for 1b is shown in Fig. 1 . The Au.Au distance (2.9441(14)Å and 2.9784(16)Å) is typical for the Au.Au interaction but is much shorter than that found in its phosphine analogue (3.375Å) . This aurophilic interaction is believed to bear signicant inuence on the reduction process for the preparation of Au nanoclusters.
Results and discussion

Syntheses and characterization
The Au(I) stibine complexes [Au(L)Cl] (L ¼ SbPh 3 , 1a; Sb(p- tolyl)
18
The reduction of 1a and 1b with 0.25 equivalents of NaBH 4 in the presence of the free stibine gave the corresponding ionic nanoclusters [Au 13 (L) 3 , 2b$Cl) (Scheme 1). Unlike the phosphine-protected Au 11 nanoclusters [Au 11 (PPh 3 ) 8 Cl 2 ][Cl], these stibine-protected nanoclusters could not be puried by column chromatography but they could be obtained in good purity by precipitation with hexane followed by washing with suitable solvents. Although the isolated yields were relatively low (15% and 30% for 2a$Cl and 2b$Cl, respectively), the MS and UV-Vis spectra of the crude products did not show any detectable amounts of nanoclusters of other sizes such as Au 11 (Fig. S30 and S37 †) . Indeed, fractional crystallization of the crude from DCM/hexane (8/4, v/v) 15 For 1, reduction with more than 0.25 equivalent of NaBH 4 led to a decrease in yield without any new nanocluster isolated or observed (Fig. S38 †) . The use of 5 equivalents of NaBH 4 (with either DCM or THF as the solvent) led to the immediate formation of an insoluble black precipitate and a colorless supernatant, indicating full decomposition into bulk Au particles. This indicates that while NaBH 4 can reduce 1 to form 2$Cl, it also leads to the destruction of 2$Cl; presumably, the weakly coordinating stibine allows for more ready decomposition and/or aggregation of the gold cores. Addition of a small amount (0.25 equiv.) of the stibine prior to reduction was found to aid the formation of 2$Cl, but larger amounts (1.0 to 3.0 equiv.) led to lower yields. This is probably related to favoring the formation and/or enhancing the stability of 
Scheme 1 Reduction of 1 with NaBH 4 .
intermediate species, and is consistent with a recent report that the reduction of [Au(PPh 3 )Cl] and [Au(PPh 3 ) 2 Cl] gave different products. 20 We have similarly observed that reduction of the tetra-stibine coordinated 3a under the same reaction conditions led to a more complicated mixture, as revealed by the UV-Vis spectrum of the crude mixture, and much less 2a$Cl was obtained ( Fig. S39 †) . It is also known that steric bulk of the ligand can have a signicant inuence on the course of the reaction; 21 we tested this with SbMes 3 (Mes ¼ mesityl), which has a larger percent buried volume (40% for SbMes 3 vs. 28% for SbPh 3 and Sb(p-tolyl) 3 ). 22 The reduction of [Au(SbMes 3 )Cl] (1c) under similar reaction conditions, however, afforded a black precipitate in a colorless supernatant; the 1 H NMR spectrum of the latter showed only SbMes 3 (Fig. S11 †) down to À80 C. Presumably, therefore, the metal cores of 2 are structurally more rigid than the undecagold core in those phosphine-protected nanoclusters.
5a,15
Crystallographic analysis of a dark red, diffraction-quality crystal of 2a$BPh 4 conrmed its chemical formulation, although the crystal exhibited disorder; seven of the peripheral Au atoms were modelled with $90 : 10 disorder. The thirteen gold atoms of the cluster cation are in an icosahedral arrangement, with eight SbPh 3 and four chlorides forming the ligand sphere (Fig. 3) . The presence of one BPh 4 counterion conrmed that the nanocluster is monocationic and consistent with a valence electron count of 8 in accordance with the superatom rule.
24 The electronic structure of 2a, calculated at the MPW1PW91/LANL2DZ level of theory, clearly shows frontier orbitals corresponding to this superatom complex (Fig. S6 †) . In fact, the three "HOMO" orbitals may be regarded as comprising a single HOMO (À0.258 eV) and a pair of near-degenerate HOMO À 1 (À0.265 eV), with p orbital characteristics. This is consistent with a breakdown of the icosahedrdal symmetry of the gold core by the ligand sphere; the nanocluster exhibits noncrystallographic mm2 point symmetry. The four Cl ligands lie in two mutually perpendicular planes, dividing the eight SbPh 3 ligands into three groups in a 1 : 2 : 1 ratio, in agreement with the 1 H NMR spectrum. The peripheral Au-Au bond lengths (2.8487 (10) Consistent with the formulation, the ESI-MS(+) spectra of 2a$Cl and 2a$PF 6 both show a main peak at m/z $2746 with an isotopic interval of 0.5 amu, indicating a +2 charge (Fig. 4 (Fig. S32 †) .
While a solid sample of 2a$Cl kept at 4 C without exclusion of air remained intact aer ten months, as manifested by the 1 H NMR spectrum (Fig. S22 †) , a solution in DCM or acetone showed the formation of a small amount of an unidentied product aer several days under ambient conditions. Decomposition in acetone was almost complete aer four months; the mass spectrum of the resulting brown mixture suggests the presence of Ph 3 SbClX (X ¼ Cl or OH), indicating dissociation and oxidation of the ligands (Fig. S33 †) . The decomposition process also appears to be solvent dependent although the nature of this is unclear (Fig. S23 and S24 †) . The p-tolyl analogue 2b$Cl displayed similar stability in solution (Fig. S25 †) . These stibine-protected Au 13 
Optical and electrochemical properties
The electronic spectra of 2a$X (X ¼ Cl, PF 6 , BPh 4 ) and 2b$Cl, are essentially identical (Fig. 5 The UV-Vis spectra also appear to be solvent-independent; the main absorption peak of 2b$Cl in acetonitrile is slightly blue-shied compared to that in DCM or ethanol (Fig. S41 †) (Fig. 5) . Both peaks are due to several transitions; the transitions for the former are primarily LMCT in nature, and those for the latter are mainly metal-to-metal transitions (Table S2 and Fig. S8 †) . The red shi with respect to the phosphine-protected clusters can thus be understood in terms of the difference in the Au-L interactions and is believed to be related to the weaker s-basicity and stronger p-acidity of the stibines compared to phosphines. 25 Such a "heavier ligand displacement" effect has previously been observed in thiolateprotected clusters.
26
Thiolate-protected gold nanoclusters display weak photoluminescence in the visible to near-infrared (NIR) region with a low quantum yield (<0.1%), 27 although some with specic core-shell structures, 28 or specic ligands such as peptides,
29
have been reported to show stronger emissions, demonstrating the importance of the protecting ligands in tuning the luminescence. 30 An example is that of [Au 25 stibine-protected Au 13 clusters 2a$X (X ¼ Cl, PF 6 , BPh 4 ) and 2b$Cl show an NIR emission at ca. 740 nm, along with a shoulder at ca. 825 nm, i.e., a further blue shi of ca. 35 nm (Fig. 6) . Thus a more electron-donating ligand leads to lower energy transitions and emissions. In addition, it is noted that 2a$Cl and 2b$Cl show weaker luminescence intensities than 2a$PF 6 and 2a$BPh 4 , indicating that the counterion Cl À may have a quenching effect. The cyclic voltammogram (CV) of 2a$PF 6 in DCM with n Bu 4 -NPF 6 as the supporting electrolyte shows that the cluster undergoes irreversible oxidation and reduction (Fig. 7) . While electron transfers occurring between À2.5 and +1.0 V are reproducible, i.e., the redox peaks in both the positive and negative potential directions overlap, those occurring beyond +1.0 V are not, presumably arising from breakdown of the cluster compound (Fig. S36 †) . The redox behavior of 2a$PF 6 between À2.5 and +1.0 V is therefore reliable for analysis of its electrochemical properties. In this region, three oxidation peaks were found at +0.34, +0.58 and +0.78 V in the square-wave voltammogram (SWV), probably corresponding to oxidation to the +2, +3 and +4 states, respectively; seven reduction peaks (À1.51, À1.61, À1.68, À1.77, À1.97, À2.11, À2.22 V) were observed in the same region. The electrochemical HOMO-LUMO energy gap was determined to be about 1.85 eV (without subtracting the charge energy) from the rst oxidation and reduction potentials (O1 and R1), which is in excellent agreement with that derived from the UV-Vis spectral data (620 nm absorption peak) by extrapolation to zero absorbance. In comparison, the other two Au 13 15,4d Given the weaker coordinating ability of stibines compared to phosphines, the ligand exchange reaction between n Bu 4 NPF 6 in CH 3 CN); scan rate: 0.10 V s À1 ; ferrocene (Fc) was added as an internal reference at the end of the experiment. For CV, the scans were initiated in the positive (red) and negative (black) potential directions, respectively. For SWV, the red and blue traces were scanned in the positive and negative potential directions, respectively. Pulse period (s) ¼ 25 Hz; potential step ¼ 5.0 mV; pulse amplitude ¼ 20 mV.
2 and thiolates may be expected to occur more readily. Indeed, ligand exchange in 2b$Cl with GSH does occur, and the formation of 4 can be monitored by its characteristic peak at $670 nm (Scheme 2). In comparison, unlike the case with PPh 3 , the reaction of [Au 25 
37
The formation of 4 was detectable aer 4 h (Fig. S42 †) The important role of air was also apparent for 2b$Cl; under aerobic conditions, the formation of 4 was apparent from about 90 min (Fig. S43 †) , with a higher reaction rate than under anaerobic conditions ( Fig. S44 and S45 †) . Since the fraction of Au(I) to Au atoms changed from 0.38 to 0.72 in the conversion of 2b to 4, we hypothesize that the oxygen in air acts as an oxidant to facilitate the conversion; such an oxidation-induced transformation of smaller clusters to larger clusters has received much attention recently.
38 To test the idea that oxidation is involved, the conversion was carried out with a variety of oxidants (0.50 equiv.) with differing oxidation potential and solubility. The addition of an oxidant clearly affected the rate of conversion, although we could not nd any clear correlation between the conversion rate and the oxidation potential or solubility of the oxidant (Fig. 8 and S46-S53 †) . Besides air, the oxidants K 3 [Fe(CN) 6 ] and I 2 showed signicant acceleration of the conversion while others showed only moderate to poor effects. The addition of more K 3 [Fe(CN) 6 ] from 0.5 equiv. to 3.5 equiv. (the theoretical amount required to change the fraction of Au(I) to Au(0) atoms in 2b$Cl from 0.38 to 0.72) increased the conversion rate further but further addition to 7.0 equiv. led to a decrease in the conversion rate ( Fig. 9 and S54-S57 †).
Although antigalvanic reduction is a possibility, 40 the mechanism for the conversion is not entirely clear. In the conversion mediated by K 3 [Fe(CN) 6 ], a small amount of Prussian blue was formed, identied by comparison of its IR spectral characteristics with that of an authentic sample (Fig. S58 †) . This is presumably formed from the reduced [Fe (CN 6 ] under the same reaction conditions, no Prussian blue formation was observed (Fig. S58 †) , indirectly pointing to involvement of the Au core rather than the ligand sphere of 2b$Cl. An inner sphere electron transfer, presumably involving bridging CN-ligands, may therefore be operative. Consistent with this was that treatment of 2b$Cl with K 3 [Fe(CN) 6 ] (3.5 equiv) indeed led to decomposition of 2b$Cl and the formation of Prussian blue (Fig. S58 †) .
Conclusion
We have reported here, for the rst time, Au nanoclusters with stibines as protecting ligands. In contrast to phosphines, the use of stibines as the protecting ligand favors the formation of icosahedral Au 13 clusters rather than Au 11 or a polydispersed mixture of smaller clusters and they made for interesting comparison with, and a better understanding of, the structures of the phosphine analogues. The weaker coordinating ability of the stibine ligands also made them promising precursors to other Au nanoclusters, for example, to the thiolate protected Au 25 cluster. More importantly, we have found that the addition of a suitable oxidant can signicantly increase the conversion rate by aiding the size-focusing process.
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Scheme 2 Ligand exchange reaction of 2b$Cl with GSH. Fig. 8 Electronic spectra of the aqueous solution for the conversion of 2b$Cl to 4 with different oxidants, at 240 min reaction time.Redox potential (V) vs. SHE for oxidants given in parenthesis. 
